frans'-Diamineplatinum(II), Nucleobases, 9-M ethyladenine, Synthesis, X-Ray Linking three nucleobases by two metal ions M of linear coordination geom etry leads to m etal-m odified base triples. W ith M = mzns-(amine)2P tn, the bases are forced into an essen tially coplanar fashion with interbase H bonding m aintained in m any cases. The m odel nucleo base triples described here are of general com position {[frart5-(amine)2PtB]2(9-MeA)}"+ with two nucleobases B bound via Pt to N 1 and N 7 of 9-methyladenine (9-M eA). The X-ray structure of a precursor, {[fra«5-(CH3NH2)2PtCl]2(9-MeA)}(C104)2, is briefly described. The generation of m etalated, cyclic nucleobase quartets and their expected structures are dis cussed and ways towards larger macrocyclic m etal com pounds are pointed out.
Although W atson-Crick and, to a lesser extent, Hoogsteen base pairing patterns between comple m entary nucleobase dominate in nucleic acid chem istry [1 ] , the num ber of established non-traditional base-pairing schemes rises steadily. They include now, among others, mismatches between two bases [2] , base triples [3] , and quartet structures [4] . Many of these unusual base-pairing schemes are consid ered biologically relevant. Interestingly, occurrence of protonated nucleobases in these systems is not all that uncommon, even though not expected on the basis of pK a considerations [5] . A nother note worthy feature is the possibility of water being a nec essary integral part of a nucleobase mispair [6 ] . The aspect of metal ion interference with normal hydro gen bonding between nucleobases has been recog nized since quite some time [7] , but relatively little structural work is available.
We have recently begun to study systems, in which a weakly acidic NH proton in a H bond b e tween two nucleobases has been formally replaced by a metal of linear or almost linear coordination geometry, with coplanarity of the bases maintained ("m etal-modified base pairs", scheme I) [8] [9] [10] [11] [12] [13] [14] [15] .
Abbreviations: 9-M eA, 9-methyladenine; 9-M eA H +, 9-m ethyladeninium cation; 9-EtG H , 9-ethylguanine; 9-EtG , 9-ethylguanine anion; 1-MeTH, 1-methylthymine; 1-MeT, 1-methylthymine anion; 1-MeC, 1-metnylcytosine; C, cytosine; pur, purine (adenine or guanine). The model character of these compounds with regard to D N A cross-linking by metals, metalinduced mutagenicity, and relevance to antisense and antigene strategies has been pointed out [8 ] . In continuation of this work, we herewith report on trans-a2P tn (a = N H 3 or CH 3N H2) modified base triples containing a central adenine nucleobase and two additional bases linked via two trans-a2Ptn entities to the N 1 and N 7 positions of the adenine. The form ation of metal-modified nucleobase quar tets is a logical next step to be approached. 
Results and Discussion
Previously studied examples of "metal-modified base pairs" included the following combinations: (i) Com plementary bases in Watson-Crick arrange m ent [8 ] , (ii) complementary bases in Hoogsteen arrangement [8 , 9] , (iii) non-complementary bases in Hoogsteen-like fashion [10, 11] , (iv) base triples with Hoogsteen arrangem ent of a m etalated base pair and H bonding of a third base [12] , and (v) metal analogues of hem iprotonated nucleobases [13] [14] [15] . On the basis of the X-ray structural work on these compounds, the following common features have emerged for the situation in the solid state: (i) The nucleobases are close to parallel, with at most a m oderate propeller-twist. (ii) With trans-s^A11 entities (a = NH 3 or amine, M = Pt or Pd), the amine ligands are approximately perpendicular to the nucleobases. (iii) W henever possible, exocyclic groups of the nucleobases are involved in H bond ing with each other, (iv) W ater molecules, either bound directly to the metal or not, can be involved in H bonding between the exocyclic groups of the bases, (v) In homo bis(nucleobase) complexes, the two bases adopt a head-to-tail arrangem ent, the exception being a Ag1 complex of 9-methylhypoxanthine [7 c] .
The synthesis of {[rra«s-(CH3NH 2)2P tCl]2(9-MeA -N 1,N7)}(C104) 2 (1 ) was undertaken in order to subsequently p re pare tris(nucleobase) complexes of composition {[rra«5 -(CH3NH2)2PtB]2(9 -Me A -N 1 ,N7)}"+ with B -9 -M eA H -N 7, n = 6 (2), 9 -E tG H -N 7, n = 4 (3), 1 -M eC -N 3, n = 4 (4) and C -N 3, n = 4 (5) and 1 -M eT -N 3, n -2 (6 ).
Crystal structure analysis o f 1 Fig. 1 gives a view of the cation of the dinuclear complexes {[rra«s-(CH3NH2)2PtCl]2(9-M eA)](C104)2 (1), and Tables I -I I provide atomic coordinates and select ed structural features. Each Pt has a square-planar coordination geometry, and binding occurs via N 1 and N 7 of the 9-Me A ring. PtN3Cl planes form large angles with the 9-Me A plane, 92.6° (Pt 1) and 98.2° (Pt2). The two Pt atoms are at a distance of 6.456(3) Ä from each other. Bond lengths and angles about the heavy metals are not unusual and compare well with those found in other Pt com plexes of adenine [16] . A detailed discussion of the adenine geometry [17] is not meaningful, consider ing the relatively large errors. A n interesting detail of the cation structure, relevant to the formation of m etalated purine quartets (vide infra), refers to the angle formed between the two vectors Cl 11, P tl, N 1 and Cl 21, Pt2, N 7. It is 92.5(6)°, meaning that these two vectors are virtually at right angle, there by facilitating in principle a coplanar arrangem ent of four purine nucleobases connected by four metal ions of linear coordination geometry.
Cations of 1 are arranged in long strings that run along the y axis and are separated by C104~ anions. Orientation of 9-MeA rings of all cations of one string is such that they are coplanar (Fig. 2 ). C at ions are connected via contacts of 3.51(1) Ä b e tween Cl 11 of Pt 1 and P t2 (Fig. 3) , thereby making (24) * Equivalent isotropic U defined as one third of the trace of the orthogonalized tensor.
2.08(4) 2.08(4) 2.27(1) 2.00(4) 6.456(3) (21) 89.9(9) N (2 1 )-P t(2 )-N (7 ) 90.0(14) N(22) -Pt(2) -N (7) 90.1(14) Cl(21) -Pt(2) -N (7) 179.5(7) Symmetry operations: a-x , -y + l , -z + l; bx, y +1, z. P t2 in a se n se "fiv e -c o o rd in a te " . H o w ever, c o m p a r e d to tru e ly fiv e-co o rd in a te P t11 [18] , th e axial in te ra c tio n o f P t2 w ith Cl 11 c e rtain ly is to o w ea k to b e c o n s id e re d a bond. B a se stacking, usually fo u n d e x ten siv ely in solid s ta te stru ctu re s o f a d e n in e s o r th e ir m e ta l co m p o u n d s, is very m u ch re d u c e d in 1 (Fig. 2) . T h e ste ric b u lk if th e m eth y la m in e lig an d s acco u n ts fo r this, a t least in p art.
]H N M R spectru m o f 1 (P tA P t)
T h e *H N M R sp e ctru m o f 1 in D 20 , p D = 7.1, is v ery sim p le, co nsisting o f sin g lets a t 9.11 (H 2 ) , 9.07 ( H 8 ) , 4.00 (C H 3) an d tw o trip le ts a t 2.27 a n d 2.21 p p m (C H 3-N H 2). B o th a ro m a tic p ro to n s, w hich a re assig n ed b y c o m p a riso n w ith th e 8 -d e u te ra te d 9 -M eA a n a lo g u e , sh o w signs o f u n re so lv e d 195P t -!H co u p lin g , as d o th e C H 3 re s o n an c es o f th e m e th y la m in e ligands. T h e la tte r d is p lay th e c h a ra c te ristic ch a n g es in sig n al p a tte r n as th e N H 2 g ro u p s u n d e rg o iso to p ic e x c h an g e in D zO w ith tim e [19] . (Table III) are assigned by com parison with related compounds [2 0 ] and, as far as H 2 and H 8 resonances of 9-MeA are concerned, by use of 9-MeA-d8. Compound 2, (A H -N 7) P tA P t(A H -N 7). R eac tion of aquated 1 with 9-MeA was carried out in strongly acidic medium to force coordination of cationic 9-MeAH to the two Pts in 1 via N 7 by protonating the N1 site. A unique proposal for the orientation of the three adenines (head-to-head or head-to-tail) cannot be made, but considering the distances between exocyclic NH 2(6 ) groups in an all-head-to-head arrangement (Fig. 4) , this situati on would seem less likely than an all-head-to-tail orientation of the bases (with terminal 9-methyladenines flipped about the P t-N 7 bonds). A lterna tively, a moderate propeller-twist of two adjacent bases might relieve repulsion of the NH2 groups. In either case, the three non-equivalent adenines should give rise to 3 X 2 -6 resonances in the aro matic region. Five of these are clearly resolved.
Compound 3, (GH -N7)Pt A Pt(G H -N7). For this compound, an all-head-to-head arrangement of the three bases appears most logical since it permits complete H bonding between adjacent bases (Fig. 4) . Support of this interpretation comes from the NMR chemical shift of N H 2( 6 ) of 9-MeA: In DM F-d7, this resonance is observed at 10.80 ppm (300 K), very much downfield from that of {[(dien)Pt]2(9-M eA -N 1,N7 )}4+ (9.3 ppm), which cannot form any intramolecular H bonds involving NH2 (6 ) . Upon lowing the tem perature, the N H 2 signal splits in two components, both of which undergo a further slight downfield shift upon lower ing the tem perature (Fig. 5) . There is only a single 
combination of two m etalated A G mispairs, namely of protonated A (anti), G (syn) [21] and protonated A (syn), G (syn).
Compounds 4 and 5, ( C -N 3) P tA P t(C -N 3). Co ordination of both cytosines in 4 and 5 is via N 3 each. Although characteristic 4/ ( 195P t -1H (5)) cou pling was not resolved due to use of a 200 MHz NM R machine [22] , the application of 195Pt editing techniques clearly revealed 195Pt coupling to the aromatic adenine resonances (2J ~ 21 Hz each), to H 5 of cytosine (4J ~ 16 Hz) and CH 3 of the methylamine ligands (3/ ~ 45 Hz). No 195Pt coupling with H 6 of the cytosine ligand in 5 was observed, thus ruling out any Pt coordination through N 1 [23] . As schematically shown in Fig. 6 , the cytosine ligand across from a d e n in e -N 7 is expected to form a H bond between its 0 2 oxygen and N H 2( 6 ) of 9-MeA, very much as in the case of trans-[(NH3)2Pt(9-M eA -N7)(l-M eC -N3)]2+ [11] . The separation between the exocyclic groups of C or 1-MeC bound across ad e n in e -N 1 with NH 2( 6 ) of 9-MeA is estim ated to be around 4.5 Ä [8 ], too long for a H bond, unless m ediated by a water molecule similar to the situation in ?ran5 -[(NH3)2P t(9 -M e A -N 1) (l-M e T -N 3)]+ [8 ] . In the JH NMR spectrum (D 20 , am bient tem pera ture) two sets of aromatic adenine and cytosine resonances of 60:40 ratio are observed, which sug gests that 4 and 5 exist in solution in (at least) two rotam er conformations. We propose that the cyto sine opposite to N 7 of 9-MeA is fixed due to for m ation of a H bond with NH2(6 ) of adenine, where as cytosine across from N 1 adopts two different orientations with rotation about P t-N 3 being hin dered. A differentiation of H 5 and H 6 resonances of the two non-equivalent cytosines and the rotamers is not possible. Interestingly, the splitting of the CH3 resonances of 1-MeC in four com ponents (ca. 60:40:60:40) is observed. In DM F-d7 (ambient tem perature), the adenine NH2(6 ) protons occur at 10.2 and 10.5 ppm (1:1), clearly supporting H bond formation to a cytosine.
Compound 6 ', ( T -N 3) P tA P t (T -N 3) . The sim plicity of the !H NMR spectrum -single set of 9-MeA resonances, H 6 of 1-MeT nor split -seems to suggest a single, fixed structure, but both C H 3 resonances display a splitting which is not 1 : 1 (as expected for two non-equivalent bases only) but rather 1 :3 and therefore indicates the existence of rotamers. For frans-[(NH3)2Pt(9-M eA -N7)(l-M eT -N3)]+, two rotam ers have been observed in solution [8 ] . R ota tion of the 1-MeT across N1 of 9-MeA probably is even more facile.
Toward metalated nucleobase quartets
As mentioned above, the two ClPtN(nucleobase) vectors in 1 are virtually at right angle to each other. This fact, together with the approximate coplanari ty of the purine and the two metals allows four purines to arrange in a planar fashion if linked by four metals of linear coordination geometry. The purine can either be an adenine or a guanine anion, as long as binding sites N 1 and N 7 are kept (cf. angles of 85-88° in diplatinated guanines [24] ). There are two principal arrangements possible: a square one (I) or a rectangular one (II) (Fig. 7) . It is evident, that the cyclic quartets can be built up in a variety of ways by use of different mono-or dinuclear purine entities and that, in principle, also heteronuclear M2M '2(pur)4 species may be formed. For steric reasons, compound 2 cannot form a pla nar quartet with additional 1 , however.
Separations between the exocyclic groups in the 6 -position of the purine and/or their com plem enta rity can be expected to affect the ease of formation. For example, the distance between the NH2(6 ) groups of the two N 7-m etalated adenines in II is estim ated to be 3 A. In that case, a slight twisting of the two adenines might relieve the repulsion of the amino groups. On the other hand, the interaction between exocyclic groups would be extremely favorable in the (ad en in e-N 7) M (guanine-N 7) case, with strong Ft bonding possible. Probably the most favorable quartet would be an A G A G one of type I with all exocyclic groups in the 6 -positions involved in bifurcated H bonds. We are presently trying to find out w hether such quartets can selfassemble via H bonding control. Finally, it should be possible to prepare metalated G4 quartets. While not strictly analogous to guanine quartets in telomeric D N A [4] , the plan arity of the four guanines should, in principle, allow formation of a similar structure even with guanine containing oligonucleotides. The function of metal ions in stabilizing such a quartet thus would be much more dominant than the role of alkali and earth alkaline ions in stabilizing natural guanine quadruplexes [25] .
C om parison with cyclic nucleobase com plexes o f cis-a 2P tu
For obvious steric reasons, similar cyclic nucleo base structures with coplanar bases are not possible when ds-arranged in a metal complex (scheme II). As in the case of m ononuclear complexes of type ci5,-a2Pt(nucleobase) 2 or ris-a2PtX 2(n ucleobase)2, where nucleobase planes never are parallel [2 0 ], in cyclic nucleobase systems derived from cis-a2P tn always large dihedral angles betw een nucleobases can be expected. In the complex cyc/o-[(en)Pt(uracilate)]44+, which we have recently prepared and studied [26] , the four bases are almost at right angles. The existence of a similar cyclic, tetranuclear complex of enPd11 with guanine has been postulated based on spectroscopic evidence [27] , again with large dihedral angles between bases predicted.
scheme II

Summary and Outlook
We have prepared and structurally characterized "metal-modified nucleobase pairs" with regard to their model character for D N A cross-linking adducts of metal species adopting a linear coordi nation geometry. As we have pointed out [8 ] , for mation of similar cross-links between a m etalated oligonucleotide and either an R N A single strand or a DNA duplex might eventually be exploited in anti sense and antigene strategies [28] for therapeutic and/or molecular biology applications. The current high interest in nucleobase triplets with regard to their biological functions [29] or molecular recog nition aspects [30] has prom pted us to extend this work to "metal-modified nucleobase triples". As with the base pairs, (near-)coplanarity of the bases linked via trans-a^Pt11 entities in the triplets can be expected. A logical extension of this work is the generation of m etalated purine base quartets. On the basis of geometrical considerations, their for mation is possible. Again, similarities with the naturally occurring G 4 quartets can be seen.
The salient structural features of metalated purine nucleobase triples and quartets strongly suggest that it may be possible, by the use of suita ble heterocyclic spacer ligands (Fig. 8 ) , to prepare larger macrocyclic systems with the purines and the spacer ligands being all coplanar. The successive application of cis-a^Pt11 and trans-a2Ptn entities, purine and spacer ligands should also permit the construction of large metalamacrocycles with planes of adjacent purines being coplanar or per pendicular to each other, depending on the metal geometry [31] . Such compounds should be interest ing candidates for host-guest studies. Work in our group is under way to explore these aspects in more detail. Fig. 8 . Extension of metalated nucleobase triples and quartets to larger macrocyclic rings using spacer ligands such as pyrazine or 4,4'-bipyridine.
Experimental
frans-(NH3)2PtCl2 [32] , fram -(NH2CH3)2PtCl2 [33] , 9-MeA [34] , 1-MeTH [35] and 1-MeC [35] were prepared as reported, C (Fluka) and 9-EtGH (Chemogen, Konstanz) were obtained from com mercial sources. 9-M eA-d8 was prepared by 8 h heating (80 °C) in D zO and recrystallization from D 20 , and the sample checked by !H NM R spectro scopy for complete isotopic exchange of H (8 ) .
*H and 195Pt NMR spectra were recorded on a Bruker A C 200 FT NMR spectrom eter using D20 (with TSP as internal reference) and DMK-d7 (with TMS as internal standard) as solvents. For aqueous solutions pD values were determ ined by use of a glass electrode and addition of 0.4 to the pH-m eter value.
{[trans-( CH3N H 2) 2PtCl]2 (9-MeA ~N 1,N 7)}( C lO J2
(1)
The complex was prepared by reaction of 9-MeA with 4 equivalents of mms-(CH3N H 2) 2P tCl2 in aqueous solution. The initially turbid suspension was stirred at 45 °C for 24 h, filtered from unreacted trans-a2PtC\2 and concentrated to l A of its volume. A fter addition of solid NaC104, the product pre cipitated as a white powder. Crystallization from water produced colorless cubes (yield 69%). 
{[trans-(CH3N H 2)2(1 -M e C -N 3) Pt]2(9-MeA -
4 was prepared by reaction of the diaqua species of 1, obtained in situ from 1 (0.2 mmol in 30 ml H 20 ) and AgC104 (0.4 mmol) after filtration of AgCl, with 1-MeC (0.4 mmol). The solution was stirred for 6 h at 30 °C and subsequently kept for 2 d at 22 °C. A fter addition of NaC104 and slow evaporation at 4 °C, a colorless product could be isolated (25%). Crystal structure determination* D ata were collected on a Nicolet R 3 m /V dif fractom eter using 2 G/o) technique and MoKa: radia tion. Empirical absorption corrections were ap plied. Pertinent data are summarized in Table IV . The structure was solved by Patterson synthesis and completed by A ¥ synthesis. The SHELXTL pro gram package was used.
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